Most of the sky has been imaged with NOAO's telescopes from both hemispheres. While the large majority of these data were obtained for PI-led projects and almost all of the images are publicly available, only a small fraction have been released to the community via well-calibrated and easily accessible catalogs. We are remedying this by creating a catalog of sources from most of the public data taken on the CTIO-4m+DECam and the KPNO-4m+Mosaic3. This catalog, called the NOAO Source Catalog (NSC), contains over 2.9 billion unique objects, 34 billion individual source measurements, covers ≈30,000 square degrees of the sky, has depths of ≈23rd magnitude in most broadband filters with ≈1-2% photometric precision, and astrometric accuracy of ≈7 mas. In addition,≈2 billion objects and ≈21,000 square degrees of sky have photometry in three or more bands. The NSC will be useful for exploring stellar streams, dwarf satellite galaxies, QSOs, high-proper motion stars, variable stars and other transients. The NSC catalog is publicly available via the NOAO Data Lab service.
INTRODUCTION
It has been clear for more than a decade that the volume of data collected in astronomy is in a period of rapid expansion (Brunner et al. 2002) . This development is evident in the evolution of area covered by both shallow all-sky surveys and deeper pencil-beam surveys (NOAO Deep Wide-Field Survey, Jannuzi & Dey 1999 ; Sloan Digital Sky Survey, York et al. 2000 ; Pan-STARRS1, PS1 Chambers et al. 2016) . The trend continues into the future with the Dark Energy Survey (DES; Dark Energy Survey Collaboration et al. 2016) , the Zwicky Transient Factory (ZTF; Bellm et al. 2015) , and the Large Synoptic Survey Telescope (LSST; Ivezic et al. 2008) . The growth of Big Data in astronomy can be correctly described as exponential (Zhang & Zhao 2015 ) -a fact that has attracted the attention even of the lay press (Atlantic Monthly 2012). These future mega-surveys will define a new astronomical data landscape, with an unprecedented combination of areal coverage, temporal sampling, uniformity, and depth.
As the community works to evolve astronomy into an increasingly archival and data-intensive science, it faces a conundrum of how to prepare for a research environment that does not yet exist. Conferences, schools and seminars proliferate. Working groups prepare with multi-year lead times for both narrow and broad science opportunities foreseen for the next decade (e.g., LSST Science Collaborations 3 ). As we prepare for this fast-approaching era, currently existing and growing data resources offer great potential for immediate analysis, and for exploration and preparatory programs. A few major archives, such as SDSS 4 , play an essential role, offering opportunities that can be studied with the most modern data mining and computer learning methodology, developing expertise, experience, and crucially, producing science results now -an essential ingredient for a healthy science demographic. It is less well known that the major observing facilities on Kitt Peak and Cerro Tololo have, over the years, delivered high quality imaging data sets with broad areal and wavelength coverage. Though originally intended for a diverse variety of science programs, these data have a considerable degree of homogeneity. Since the bulk of these data were obtained under different protocols and by multiple PI's, they are not conveniently accessed and simply merged. Recognizing the potential inherent in these massive data, we have undertaken to convert them into a unified, public database. By uniformly photometering the reduced images, with consistent quality control, selection, calibration and documentation, we have merged these data as the NOAO Source Catalog (NSC). Reductions have utilized proven tools and methodologies, adapted to the extant data materials. Careful attention has been paid to crowding, seeing and image shape, photometric calibration and astrometric zero points.
The NSC is now "open for business", with over 255,000 exposures and 2.9 billion unique objects ( Figure 1 ). The NSC may be accessed through NOAO's Data Lab, with tools for discovery, image cutout, virtual storage, and supported Jupyter notebook analysis, and also by direct query or TAP service. With a recognized trajectory for extensions and improvements, the NSC will be updated continuously as new material is added, as more advanced processing can be implemented, and as the database is further adapted to user needs. The layout of this paper is as follows. Section 2 discusses the imaging dataset while Section 3 gives details on the reduction and photometric methods. The final catalog and achieved performance are discussed in Section 4 and several science use cases are presented in Section 5. Future plans for improvement are detailed in Section 6 and a brief summary is given in Fig. 1 .-Density of the 2.9 billion NSC objects on the sky in Galactic coordinates. The higher densities from the Galactic midplane and Bulge as well as the LMC and SMC are readily apparent. The density is a combination of the true density of objects as well as the particular exposure times of the various observing programs.
Section 7.
DATASET
All data presented in this paper are drawn from the NOAO Science Archive. While the Archive contains data sets from all telescopes and instruments, the large majority of the NSC data are from the Dark Energy Camera (DECam) on the CTIO-4m with over 195,000 exposures used in NSC DR1. The Archive also contains a large volume of public data for the DESI Legacy Surveys 5 (Dey et al. 2018, in preparation) including z-band images from KPNO-4m Mayall + Mosaic3 (Mayall zband Legacy Survey; MzLS; Dey et al. 2016 ) and g and r-band image from Bok-2.3m+90Prime (Beijing-Arizona Sky Survey; BASS; Zou et al. 2017) . The MzLS and BASS data cover a good fraction of the northern sky and were also included in NSC DR1. All three cameras have multiple CCD detectors -DECam has 62 6 while both Mosaic3 and 90Prime have four. Table 1 shows the top 11 contributers of data to the NSC. Together, these programs constitute 71% of the total NSC DR1 holdings.
Older images (primarily from the Mosaic-1, 1.1 and 2 cameras) have not been added to the NSC yet mainly 5 http://legacysurvey.org 6 One DECam CCD stopped functioning shortly after commissioning, one is only partially usable, and one was inoperative for several years.
because of the difficulty of photometrically calibrating so many different filters. We are investigating means of including these in future versions of the NSC.
REDUCTION AND PHOTOMETRY
The NSC data processing makes use of three separate software packages: (1) the NOAO Community Pipelines for instrumental calibration (Valdes et al. 2014; Valdes et al., in preparation) 7 , (2) Source Extractor 8 (Bertin & Arnouts 1996) for performing source detection, photometry, and parameter estimation from the images, and (3) custom software 9 (in python and IDL) to run SExtractor on the images and to perform photometric and astrometric calibration and combination.
Community Pipeline Calibrations
All of the NSC images were instrumentally calibrated by the NOAO Community Pipelines ("CPs"). The CPs are NOAO pipelines for each instrument which produce the data products in the NOAO archive. The CPs include algorithms and code (from a variety of sources) which are modified and packaged for the needs of the NOAO environment and characteristics of the different instruments. The environment includes a common orchestration framework for distributed processing and common data formats in the NOAO archive.
7 https://www.noao.edu/noao/staff/fvaldes/CPDocPrelim 8 https://www.astromatic.net/software/sextractor 9 https://github.com/dnidever/noaosourcecatalog (Zou et al. 2017) e Mayall z-band Legacy Survey (Dey et al. 2016) f DECam Near Earth Object survey (Allen et al. 2016) g DECam Plane Survey (Schlafly et al. 2018 The CPs create several types of images: (a) "InstCal" -instrumentally calibrated images for each exposure, (b) "Resampled" -Instcal images resampled onto the common tangent plane projection for exposures of this field; and (c) "Stacked" -coadded Resampled images of the same filter, field and similar exposure time. We use the Instcal images (hereafter "CP images") for further analysis to create the NSC catalogs. There are separate pipelines for each camera (DECam, Mosaic3, 90Prime) that share similar steps and software modules though with variations for different characteristics of each camera. The main calibration operations for the CP images are as follows.
• A linearity correction as a function of count levels is applied for DECam only.
• The crosstalk signal between amplifiers is subtracted using empirically derived amplitude coefficients.
• The electronic bias is estimated from overscan regions and subtracted.
• The nightly zero level bias image correction and dome flat fielding from master dome calibrations. Dark current is negligible in all three cameras and no dark count subtraction is applied.
• The amplifier gain across all CCDs in an image is "balanced" based on a photometric comparisons of detected sources. For DECam this is determined from widely dithered calibration exposures called "star flats" (Bernstein et al. 2017b) . For Mosaic3 and 90Prime this is done by reference to PS1 photometry. For Mosaic3 this is done as a function of the sky level.
• Non-linear, saturated, or bleed pixels are identified, masked and interpolated. The cores of saturated stars are not replaced by interpolation.
• Shifted lines and columns in the Mosaic3 and 90Prime images are corrected.
• • Cosmic-rays and other particle events are identified and masked. For Mosaic3 and 90Prime data we use an NOAO algorithm to identify particle events and interpolate over them; for DECam, we use an LSST algorithm and do not interpolate (the thick CCDs in Mosaic3 and DECam produce many particle events Groom 2004) . Streak detection and masking is done similarly for all three cameras using an NOAO algorithm.
• Sky patterns and gradients are removed.
• "Pupil ghosts" are removed for all DECam filters and for g and z in the other two cameras. For DECam the pupil is estimated for each exposure by azimuthal fitting. For Mosaic3 and 90Prime a template is extracted from unregistered stacks and then scaled and subtracted from each exposure.
• A fringe pattern is subtracted for DECam z and Y , Mosaic3 z, and 90Prime r exposures. For DECam a manually derived fringe template is used and for the other cameras a template is derived from a dark sky stack. Note that DECam fringe removal only began in 2018.
• An illumination flat field for DECam is applied using a "dark sky illumination" template created from long exposures in each band over several nights.
• Special filtering is used to suppress a fairly strong variable pattern noise in Mosaic3 images and a variable stripping pattern in 90Prime images.
10 https://fits.gsfc.nasa.gov/registry/tpvwcs/tpv.html SExtractor was run on each individual CP-processed CCD "flux" image to extract aperture photometry and morphological parameters. The CP inverse variance images were used as weight images (i.e., the SExtractor WEIGHT IMAGE) and the weights were set to zero for pixels masked as bad (non-zero) in the CP "quality mask" image. A WEIGHT THRESH=1×10 −8 was used to indicate to SExtractor to ignore the bad pixels. The CP quality mask image was also used for the FLAG IMAGE to give mask information for individual sources. The CP mask flags were converted to bitmasks (see Table 2 ) and homogenized across the various CP versions and are similar to the Pre-V3.5.0 CP flags. The V3.5.0 CP values are integers and are not properly interpreted by SExtractor especially when combining values across pixels in a source footprint. The SExtractor configuration parameters 11 were modified slightly for each image based on the CCD parameters (gain, saturation level and pixel scale, which in turn affect the aperture sizes) and weather conditions (seeing FWHM).
One of the goals of the NSC (as for most surveys) is to achieve uniformity across the survey in the detection limit (e.g., 5σ) for all filters and seeing conditions and to also perform well in crowded and uncrowded regions. Accomplishing both goals simultaneously is challenging. The best detection is achieved when the image is smoothed with a kernel the size of the PSF (Bijaoui & Dantel 1970) . However, for poor seeing exposures in crowded regions this smoothing can cause a very large fraction of the sources in the image to be blended together and produces difficulties for the deblending algorithm. As a compromise, we decided to use a consistent smoothing kernel (FWHM=4 pixels) and detection threshold per pixel (1.1× the background noise) for all exposures. This results in a ≈5σ source detection limit for the median seeing (≈1.26 ) images (for DECam and Mosaic3) and does not overwhelm the deblending algorithm in the most crowded regions. Variations on this scheme will be evaluated for future versions of the NSC. Smoothing ("filtering") an image in SExtractor results in bad pixels affecting their neighbors. To compensate, we artificially grew the bad pixel masks around these regions in the mask ("flag") image using a 7×7 kernel (same size as our filtering kernel); this enabled us to flag the affected sources and ignore them in the catalog.
We use the SExtractor automatic aperture magnitudes (MAG AUTO, which estimates the magnitude in an elliptical aperture defined by a source's morphology) as the primary photometric measurement. Aperture photometry for multiple apertures (1 , 2 , 4 and 8 diameters) were also computed and are provided in the individual measurements table (see Section 4). Although the CP performs astrometric calibration of each image, we found that these solutions sometimes had errors of a few tenths of an arcsecond. Therefore, we used Gaia DR1 data to apply additional, small-scale, linear astrometric correction terms (on top of the CP solution) for each CCD independently. Crossmatches were found between well-measured NSC sources (good astrometric and photometric measurements and no bad quality flags) and Gaia DR1 sources using a 0.5 matching radius, The coordinates of both groups were then transformed to a tangent plane projection using the center of the chip (RA and DEC in the chip table) giving ζ (α direction) and η (δ direction). Linear additive correction coefficients in both ζ and η (tangent plane longitude and latitude coordinates) were then determined (with proper weighting using the NSC and Gaia astrometric uncertainties) for both α and δ:
There are roughly 200 Gaia DR1 matches per chip that are used for astrometric calibration. The derived best-fit coefficients are released as part of the DR1 tables (see Section 4).
A robust standard deviation (using the median absolute deviation) and an associated standard deviation of the mean are calculated for the residuals of the linear astrometric fits (for point sources with S/N>50) in α (RARMS, RASTDERR) and δ (DECRMS, DECSTDERR). The median RMS value in α/δ is 22 mas and the median standard deviation of the mean is 1.9 mas. The RMS varies by ∼10% across the various filters and is ∼20% larger for 90Prime than the other two cameras. There is also an increase in RMS with seeing from 20 mas at 0.8 to 28 mas at 2.0 ( Figure 2 ). In addition, there is a dependence of the scatter on the number of Gaia matches (below 70 matches) increasing to 35 mas at 5 matches (Figure 2 ). The scatter also degrades for very short exposure times (<10s) increasing to 55 mas at ∼1s. From regions with hundreds of exposures, the astrometric scatter over multiple independent measurements for high S/N stars (S/N>150; with random astrometric uncertainties ∼5 mas) is ∼20 mas (Figure 3 ). This suggests that any systematics in the astrometry are roughly at this level which is consistent with the known astrometric systematics in DECam data including imperfections in the CCD substrate ("tree rings") and differential chromatic aberration (Bernstein et al. 2017a ). However, the systematics can be reduced by averaging over multiple independent measurements. For high S/N stars with many detections the RMS scatter of their average positions compared to Gaia DR1 is ∼7 mas.
Photometry
For large and diverse datasets like the NSC, it is challenging to use the classical calibration method of standard star fields to derive photometric transformation equations because this is often a manual and timeconsuming process. Instead, it is more common to derive zero points for each exposure (or CCD image) by comparing to existing photometric catalogs in the same area of the sky and in the same filters. Since there is currently no existing large-scale, public survey in optical broad-band filters in the southern hemisphere, this was only an option for some bands in the northern portion of our data. We used the PS1 photometry to calibrate all grizY data north of declination δ = −29
• which includes all of the data from the Mosaic-3 and 90Prime cameras. For all data south of δ = −29
• , and for the u and VR bands all over the sky, we instead constructed model magnitudes to perform the photometric calibration. For these model magnitudes, we used the all-sky catalogs 2MASS (Skrutskie et al. 2006) , Gaia DR1 (Gaia Collaboration et al. 2016) , APASS (Henden et al. 2015) , and GALEX (Bianchi et al. 2011) , along with the Schlegel, Finkbeiner & Davis (1998, SFD) maps for Galactic reddening, to construct linear combinations of measurements that best approximated PS1 grizY photometry, u-band photometry from the SMASH survey (Nidever et al. 2017) , and Gaia G (as a surrogate for VR) over most of the range in color. This technique is similar to that used for the PS1 "real-time calibration" .
The model magnitude coefficients were determined in two steps: 1. The best model magnitudes were determined by comparing a linear combination of the photometry from the chosen public all-sky catalogs to a photometric reference catalog that set the zero point of the NSC photometric system (PS1 for grizY , SMASH for u-band and Gaia G for VR). The coefficients were determined by comparing photometry in the Stripe82 region (−60
• ) for grizY and VR, and in the region of the 41 fields of the SMASH survey for uband.
2. The NSC exposures in the Stripe82 region were calibrated (and combined) using zero points derived with the model magnitude coefficients determined in step 1. The calibrated NSC magnitudes were then compared to the model magnitudes and inspected for residual color terms that could arise from the differences in the PS1 and DECam filters. The model magnitude coefficients were adjusted to remove the residual patterns but the mean values were kept the same to remain on the (approximate) photometric system of the reference catalogs.
The residuals (from step 2) versus color are shown in Figure 4 and the final model magnitude coefficients are presented in Table 3 . The photometric zero point of an image is estimated from the median of all calibration stars measured across all CCDs in an exposure. These "exposure-level" zero points were used because the density of some of the catalogs needed to construct the model magnitudes was too low (especially APASS) to determine accurate chip-level zero points. However, chip-level zero points were computed when possible (≥5 reference objects per chip) in order to estimate spatial variations in zero points across an exposure that could indicate non-photometric conditions. Even with exposure-level zero points, some exposures failed due to a lack of good photometric reference stars. In these instances, well-calibrated, overlapping NSC exposures in the same filter were used to obtain the zero point (ZPTYPE=2 in the exposure table). Table  4 gives statistics on the zero point scatter and uncertainties per filter; the random uncertainties on the zero points are quite small. Figure 5 shows the residuals of the model magnitudes for g-band versus the SFD E(B − V ) reddening indicating that the model magnitudes work well in regions of moderate extinction. The model magnitudes likely break down in very high extinction regions at the Milky Way mid-plane, as do the SFD reddening values. Hence, the photometric zero points might not be as reliable in these high-extinction regions.
The RMS in the photometry of bright stars from multiple detections is ∼1-2%. Figure 6 shows the photometric RMS for stars in one HEALPix region (Górski et al. 2005) minimum in the binned medians of 0.0055 mag. The histogram of RMS scatter values across all HEALPix pixels is shown in Figure 7 . While there are variations, the distributions of all filters (besides u-band) are peaked below 0.01 mag indicating that the photometry is quite precise. Figure 8 shows maps of the photometric RMS for the seven bands. These maps show spatial variations in the RMS values. In particular, the scatter is higher in the Galactic midplane (irrespective of whether PS1 or model magnitudes are used for determining the zero points) and the inner regions of the Magellanic Clouds, likely due to crowding effects on the photometric measurements. The RMS is also slightly higher south of δ=−29
• (most noticable in r-band) likely due to the different calibration procedure using model magnitudes there. The z-band scatter also appears to be somewhat higher for Mosaic-3 than DECam.
Although the photometric RMS is small in most regions, this does not imply that the zero point is stable at that level across the entire sky. There are known systematics at the ≈1% level in the reference catalogs used to construct the model magnitudes (e.g., 2MASS; Magnier et al. 2013) . In Figure 9 , we show maps of our mean zero points across the sky, which reveal some spatially correlated systematics. Airmass-dependent extinction effects and long-term temporal variations in the zero points have been removed but short-term variations have not. The RMS across all HEALPix is ≈0.035 mag in most bands with i and z-band being slightly higher (0.056/0.041 mag respectively). While variations are expected in the zero points due to changes in weather conditions, these maps give a general sense of the reliability of the photometric zero points -effectively an upper limit to spatial variations -and where there might be some shortcomings. In particular, the deviations are higher in the Galactic midplane both for δ>−29
• where PS1 is used and for δ<−29
• where model magnitudes are used. These devi- ations are likely due to crowding effects, aperture corrections (which we effectively absorb into the zero point), and extinction issues. While these deviations do not necessarily imply that the photometry is incorrect, there is a "jump" across the δ=−29
RMS in g for
• boundary in the Milky Way mid-plane (near α=260
• ) of a few tenths of a magnitude that suggests one side is systematically offset from the other. We advise caution when using the photometry in high-extinction and crowded regions because there might be some offsets in the photometric zero points. Finally, there is also a small jump across the δ=−30
• boundary in the i-band for a large range in α. By comparing exposures near this boundary calibrated with the two different methods as well as the mean zero point maps, we find that the model magnitudes (δ<−29
• ) photometry in i-band is systematically brighter than the PS1 photometry by 0.065 mag. It is not clear what the cause of this offset is, possibly an error when deriving the model magnitude coefficients for this band. None of the other bands show offsets at this level.
Combination
The single-epoch measurement catalogs are crossmatched and combined in the final stage of the NSC processing. A HEALPix scheme (Górski et al. 2005 ) is used (nside=128 with ≈0.21 square degrees per pixel and ring ordering) to fully tile the sky and allow for more efficient parallelization of the combination step. Before the processing is initiated, exposure-level quality cuts are applied to all exposures that successfully completed the calibration step. We select:
• public data (as of 2017-10-11);
• successfully astrometrically calibrated by the CP; • all chips astrometrically calibrated (using Gaia DR1) in NSC calibration step;
• median α/δ RMS across all chips ≤0.15 ;
• seeing FWHM ≤2 ;
• zero point (corrected for airmass extinction) within 0.5 mag of the temporally-smoothed 12 zero point 12 The zero points were B-spline smoothed over ≈200 nights to track system throughput variations.
for that band;
• zero point uncertainty ≤0.05 mag;
• number of photometric reference stars ≥5;
• spatial variation (RMS across chips) of zero point ≤0.1 mag (only for DECam with number of chips with well-measured chip-level zero points >5);
• not in a survey's bad exposure list (currently only for the Legacy Surveys and SMASH data).
For any given HEALPix pixel, all exposures overlapping it and its neighboring pixels are successively loaded. Only sources of an exposure that fall within 10 of the HEALPix pixel boundary are kept. Single-epoch level quality cuts are also applied, and we only selected sources:
• with no CP mask flags set;
• with no SExtractor object or aperture truncation flags;
• not detected on the bad amplifier of DECam CCD-NUM 31 (if MJD>56,600 or big background jump between amplifiers);
• with S/N≥5.
Sources are successively crossmatched (with a 0.5 matching radius) to existing "objects" or are added as new objects if no match is found. Cumulative values of quantities are accumulated throughout this process and converted to average values at the very end. Most quantities such as morphology parameters are simple averages while coordinates and magnitudes per band are S/N-weighted averages. Average morphology values are computed per band and across all bands. Proper motions are computed as S/N-weighted least-squared fits but it should be noted that these are only relative to the foreground stars that are used to astrometrically calibrate each exposure to Gaia DR1. Also, the proper motions are effectively limited to 200 mas yr −1 (although this depends on the cadence) because the multiple measurements from higher proper motion stars are not matched to a common object owing to the 0.5 matching radius. Photometric RMS values per band across the multiple measurements are also computed and can be used to ascertain the photometric variability of an object. Only objects with final average coordinates within the boundary of the HEALPix pixel are kept. Figure 1 shows the density of the 2.9 billion objects in the NSC DR1 catalog covering ≈30,000 square degrees. There are 34 billion measurements from 255,454 exposures. Figure 10 shows maps of the 95th percentile depths in each of the seven bands. The median depth is 23. 1, 23.3, 23.2, 22.9, 22.2, 21.0, 23 .1 mag in the u, g, r, i, z, Y, and VR bands, respectively. The photometric RMS of bright ( 17-18 mag), unsaturated stars in regions with many exposures (e.g., Figure 6 ) is 1% in all bands except for u-band where it is ∼2% indicating the precision of the NSC photometry across most of the sky. The photometric RMS is higher in the Milky Way midplane and the central regions of the Magellanic Clouds likely due to crowding effects. There are systematic offsets in the regions of high crowding and extinction such as the Milky Way midplane and we advise caution when using the data in these regions as there might be some offsets in the photometric zero points. Figure 11 shows a map of the number of exposures and Figure 12 shows a cumulative histogram of the number of objects and area with a certain number of exposures or greater. A significant area on the sky and number of objects have multiple measurements that are useful for time-series science (see Figure 11) . Finally, ≈2 billion objects and ≈21,000 square degrees of sky have photometry in three or more bands that are usable for constructing color-color diagrams.
DESCRIPTION AND ACHIEVED PERFORMANCE OF FINAL CATALOG
The NSC data are released through the NOAO Data Lab 13 (Fitzpatrick et al. 2016) . Access and exploration tools include the Data Lab Data Discovery tool, database access to the catalog (via direct SQL query or TAP service), an image cutout service, and a Jupyter notebook server with example notebooks for exploratory analysis. Figure 13 shows a comparison of the NSC photometry with the SMASH (Nidever et al. 2017) photometry for a HEALPix pixel in a crowded field only 2.4
• from the LMC center. The SMASH CMD is deeper because it uses forced PSF photometry with detection on a multiband stacked image and the stellar population features are sharper due to the lower photometric uncertainties from the PSF photometry. However, most of the important features are still visible in the CMD using the NSC aperture photometry in this crowded field. A direct g-band one-to-one comparison of crossmatched SMASH and NSC objects in the HEALPix pixel 144896 is shown in Figure 14 . The photometry compares well for sources with low FWHM (i.e., point sources; shown in light blue) while they deviate for extended sources as expected because SMASH only has PSF photometry. Even for point sources there is a slight zero point magnitude offset (≈0.1 mag) because SMASH and NSC are on slightly different photometric systems. Figure 15 shows an all-sky comparison of wellmeasured NSC proper motions to those in UCAC5 (Zacharias et al. 2017 ). The two datasets compare well with a small number of outliers at low UCAC5 proper motion values but higher NSC values.
There are six types of NSC DR1 tables in the database:
• Coverage.
Coverage information for each nside=4096 HEALPix pixel with a resolution of 0.86 . This gives the coverage fraction and depth for each band. 201,326,592 rows.
• Chip. Information for each unique chip image with astrometric correction terms and uncertainties. 12,008,634 rows.
• Exposure. Information for each unique exposure with zero-point values and uncertainties. 255,454 rows.
• Object. Information on each unique object with average photometric, astrometric and morphology values. 2,930,644,736 rows.
• Measurement. Information on each individual source measurement in single-epoch images. 34,658,213,888 rows.
• Crossmatch. Crossmatch information between the NSC and the DESI Legacy Surveys, ALLWISE, and DES.
EXAMPLE SCIENCE USE CASES
Below, we summarize a few example science use cases of the NSC; there are clearly many other possible science applications.
Dwarf Galaxies
The Milky Way is orbited by faint dwarf galaxy satellites that can be challenging to detect. The best method to discover these objects has been with resolved stellar populations as recently demonstrated by Bechtol et al. (2015) and Drlica-Wagner et al. (2015) using DECam data from the Dark Energy Survey. The NSC includes data of resolved stellar populations for regions of the sky previously unexplored for dwarf galaxies. The NOAO Data Lab has an example Jupyter notebook illustrating how to search for dwarf galaxies in the NSC.
Stellar Streams
The Milky Way halo hosts a number of stellar streams from tidally stripped galaxies and globular clusters. One of the most famous streams is the Sagittarius stellar stream (e.g., Majewski et al. 2003; Koposov et al. 2012 ) that stretches more than 360
• around the sky. Under the currently-favored hierarchical galaxy formation model, galaxies like the Milky Way are formed through the continual merging and accretion of smaller galaxies. The streams that we currently see are relics of this process. Studying these streams can help us understand how our Galaxy was formed and its accretion history. The NSC covers regions of the sky that have not yet been explored for stellar streams.
The Variable Sky
Many astronomical objects vary with time either in their brightness or position in the sky. The temporal information in the NSC can be used to investigate the photometric and astrometric variability of objects. The NSC has 10,000 square degrees with ∼20 exposures, 200 square degrees with ∼100 exposures and 10 square degrees with at ∼1000 exposures (also see Figures 11 and  12 ). These data, combined with priors based on population statistics (Narayan et. al. 2018) , can provide probabilistic classifications for a large fraction of known variable types.
• Variable stars, such as RR Lyrae, are essentially standard candles and are used to explore stellar structures in the Milky Way halo. The NSC sensitivity to RR Lyrae stars extends throughout the Milky Way and its satellites.
• Active Galactic Nuclei (AGN) host supermassive black holes at the centers of galaxies and investigating their photometric variability can be used to study the accretion history of material onto the black hole, estimate the black hole mass, and explore the structure of the broad emission-line region.
• Transient events, like supernova explosions can be used to study interesting astrophysical phenomena as well as the expansion of the universe. NSC images document the progenitor star fields of future SNe.
• Proper motions of objects can be used to identify moving groups of stars in the Milky Way galaxy and to select nearby, low luminosity objects by their large apparent motion.
The NSC can be used to study all of these phenomena across nearly the entire sky. NSC provides 1000 images for ∼2×10 6 targets, and 100 images for ∼2×10 8 targets. This is sufficient to investigate brighter examples of the most numerous object types for which LSST will provide variability details, and to evaluate predictions of target counts.
A simple binary population model (Ridgway et al. 2014a) shows that faint, potentially interacting highenergy binary systems should be numerous, up to ∼1000 per deg 2 at mid-galactic latitudes. It is not known what fraction of these may provide detectable outbursts with what frequency, and the NSC can constrain this fraction.
Predictions for the content of the variable sky (Ridgway et al. 2014b ) indicate that at the NSC depth, the sky should contain ∼100 detectably variable QSOs, and ∼500 detectably variable AGN per deg 2 -predictions that can be refined with NSC statistics.
The NOAO Data Lab has a Jupyter notebook showing how to work with light curves for RR Lyrae stars in a catalog like the NSC.
Synoptic Sky Surveys
The NSC is intermediate in depth among the Pan-STARRS (Kaiser et al. 2002) , SDSS (York et al. 2000) , DES (Dark Energy Survey Collaboration et al. 2016) and Megacam (Boulade et al. 2003) surveys, and has both partial overlap and complementary coverage with respect to each.
The NSC 5σ depth of ≈23rd magnitude is a good match for the synoptic survey capability of the Zwicky Transient Factory (Bellm et al. 2015) , which is projected to have a limiting magnitude ∼20.5. Most detectably variable objects are Galactic stars, and the NSC catalogs a large fraction of those. NSC photometry will provide valuable color and variability diagnostics for common Galactic transient types such as flares from cool dwarfs and outbursts of cataclysmic variables. In addition, the NSC can be used to provide characteristics of host galaxies for extragalactic variability phenomena such as AGN, QSOs and Tidal Disruption Events. The NSC can provide historical evidence that candidate SNe are in fact blank field transients, and not outbursts of known objects. The NSC can also provide supplemental variability information, with a longer temporal baseline, for all observed source types. Other surveys such as PS1 and Gaia will also provide similar information for synoptic surveys.
Finally, the NSC will also serve as a first epoch of astrometric and multiple epochs of historical photometric data for the LSST surveys, which will allow for the measurement of accurate proper motions and long-term variability for objects fainter than Gaia's magnitude limit.
Solar System Objects
The NSC temporal information can be used to detect solar system objects. Undoubtedly, trans-Neptunian objects detected in the NSC catalog remain to be identified. There is a large interest in finding near earth objects that could potentially impact the earth, and NSC can be used to "precover" objects that will be discovered in future surveys. For instance, Planet 9 (Batygin & Brown 2016) 14 , if it exists, could be lurking inside the NSC.
FUTURE PLANS
Our approach with NSC DR1 was to provide a simple and astronomically useful catalog for users. In future data releases, we plan to improve the NSC in the following ways:
• Improved photometric calibration in the south:
SkyMapper data (Wolf et al. 2018 ) will be used for photometric calibration and should improve the photometric accuracy. This should also allow for chip-level zero points.
• Improved proper motions: The current proper motions are relative to the foreground stars and limited to 200 mas yr −1 because of the 0.5 matching radius used in the combination step. In the future, the proper motions will be put on an absolute scale by incorporating Gaia proper motions and parallaxes in our astrometric calibration, applying position-dependent correction terms, or using an extragalactic astrometric reference frame (e.g., QSOs). We will also explore using improved crossmatching algorithms to detect fast-moving objects.
• Improved photometric variability index: Better photometric variability quantities will be computed including the χ 2 and probability value of the object being photometrically constant and possibly Lomb-Scargle (Lomb 1976; Scargle 1982) like metrics (e.g., Saha & Vivas 2017) . In addition, a catalog of variables will be compiled.
• PSF photometry of individual exposures: PSF photometry will be performed on the individual images.
• PSF photometry of coadd images: Coadd images will be created for each band and PSF photometry performed on them.
• Forced photometry: Once the coadd photometry catalogs exist, it will be possible to perform forced photometry on the individual images.
• Real-time updates: Instead of regular data releases on an annual or bi-annual timescale, the catalog will be updated in real-time as new exposures become public.
• Catalog-level transient detection: Transients can be detected at the catalog level if the photometry can be produced fast enough (<1 day).
SUMMARY
We present the first public data release (DR1) of the NOAO Source Catalog (NSC) based on the majority of the public imaging data in the NOAO Science Archive (as of 2017-10-11) from both the northern and southern hemispheres. The NSC covers ≈30,000 square degrees and contains over 2.9 billion unique objects with 34 billion individual measurements to a depth of ≈23rd magnitude. With a baseline of ≈5 years, tens to thousands of exposures per object, and an astrometric zero point accuracy of ≈7 mas, the NSC provides precise proper motions for many objects. The NSC will be useful for exploring Galactic structure by searching for dwarf satellite galaxies, stellar streams and mapping variable stars. In addition, the temporal component of the NSC will allow for interesting time-series studies including searches for transients, investigations of AGN variability, and searches for solar system objects. The NSC will also serve as a good astrometric and photometric first epoch for future synoptic surveys like ZTF and LSST. Future improvements to the NSC include PSF photometry of individual and stacked images as well as real-time updates to the catalog as new images become public. We invite users to contribute to our effort and create useful data products that can improve the NSC and become part of DR2. This project also incorporates observations obtained at Kitt Peak National Observatory, National Optical Astronomy Observatory, which is operated by the Association of Universities for Research in Astronomy (AURA) under cooperative agreement with the National Science Foundation. The paper also contains data from the Bok 90" telescope of Steward Observatory, which is located on Kitt Peak and operated by the University of Arizona. The authors are honored to be permitted to conduct astronomical research on Iolkam Du'ag (Kitt Peak), a mountain with particular significance to the Tohono O'odham. cosmos.esa.int/gaia), processed by the Gaia Data Processing and Analysis Consortium (DPAC, https: //www.cosmos.esa.int/web/gaia/dpac/consortium). Funding for the DPAC has been provided by national institutions, in particular the institutions participating in the Gaia Multilateral Agreement.
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